Introduction
Human beings are persistently confronting life-threatening morbidities such as cardiovascular disorders and cancer. Cardiovascular diseases account for ~17 million deaths annually worldwide. Above all, atherosclerosis is the major factor for the pathogenesis of myocardial and cerebral infarctions. Increased plasma low-density lipoproteins and triglycerides along with low levels of high-density lipoproteins are often the major root cause of atherosclerosis and ultimately myocardial and cerebral infarctions. Correspondingly, obesity has a direct linkage with atherosclerosis and myocardial infarction. Exact etiology of obesity is relatively unclear, but still the major contributors are genetic, environmental, and dietary factors. 1 To counter these morbidities, an efficacious and safer pharmacological solution is of most extreme significance. The process of drug discovery is fastidious and expensive. The quest for new effective molecules is challenging yet the accessibility of various Drug Design, Development and Therapy 2018:12 submit your manuscript | www.dovepress.com
Dovepress

2444
aqeel et al docking tools and computer-aided methodologies has limited the gap to a specific level. 2, 3 Antioxidants have phenolic flavonoids that scavenge oxygen radicals and are involved in the inhibition of enzyme activity. Phenolic compounds are auxiliary metabolites present in fruits and vegetables. 4, 5 They possess diverse pharmacological activities including cardiovascular, 6 antioxidant, [5] [6] [7] [8] [9] antiatherogenic, 10, 11 antiinflammatory, [12] [13] [14] [15] [16] and antithrombotic. [17] [18] [19] Various studies on the experimental animals reported the effect of phenolic compounds such as quercetin and rutinosides on the lipid metabolism causing a decrease in the serum lipid levels. 20, 21 Derivatives of natural poly-phenols have shown remarkable bioactivity in various disease areas both in prevention and treatment. Among numerous classes of polyphenols, hydroxycinnamic acid derivative is the renowned group of phenols found in cereals, roasted coffee, and green vegetables and is reported as a potential antioxidant. [22] [23] [24] Sinapic acid and ferulic acid are the most studied hydroxycinnamic acid derivatives and were found to be highly effective as antioxidant, 25, 26 and in recent data, they are found to be preventive and therapeutic agents in several other diseases including atherosclerosis, inflammatory injury, and cancer. 27, 28 Caffeic acid derivatives are another class of biologically active phenolic derivatives as antioxidant 29, 30 and anticancer. [31] [32] [33] Recently, few studies have demonstrated polyphenolic moieties as potential antihyperlipidemic agents by inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A (HMG CoA) reductase in in silico models. 34 Considering such enormous pharmacological potential, derivatives of natural phenols are exciting prospect for future drug development especially in antihyperlipidemic and cardiovascular therapeutic domains. The use of computational analysis to establish the binding affinity of the drug-like compounds with different enzymes, receptors, and proteins is categorized in in silico pharmacology. 35 The in silico methods have been frequently used in the discovery and optimization of novel molecules with affinity to a target and in the optimization of pharmacokinetic parameters. 36, 37 Various studies have been reported in which the in silico assessment of the drug-like compounds showed the binding affinity with enzymes, proteins, transporter proteins, and receptors and is very well correlated with their in vitro and in vivo pharmacological effects. 38 Consequently, the in silico pharmacology paradigm is ongoing and presents a vast platform for the discovery of new drug targets as well as screening of new drug-like compounds that can be considered as drug.
In this perspective, current study is aimed to develop potent antihyperlipidimic agents. The phenolic derivatives 4a-e and 6a-c have been synthesized and characterized; the in vivo antihyperlipidemic evaluation was carried out.
The in silico docking studies against HMG CoA reductase enzyme (PDB ID: 1HWK) were also performed to compare the dry laboratory results with wet laboratory findings.
Materials and methods
Drugs and chemicals
Atorvastatin was obtained from Global Pharmaceuticals (Islamabad, Pakistan), and mice were received as gift from National Institute of Health (Islamabad, Pakistan).
synthesis of 2-methoxyphenyl chloroacetate (2)
The 2-methoxyphenol (1) (0.01 mol) was dissolved in anhydrous dichloromethane (25 mL), and triethylamine (0.01 mol) was added slowly. The resulting solution was then cooled in an ice salt mixture to 0 to −5°C. The chloroacetyl chloride (0.01 mol) in dry dichloromethane was added drop wise to the reaction mixture with constant stirring over a period of 1 h maintaining the temperature constant. The reaction mixture was then stirred at room temperature for further 5 h and washed with 5% HCl and 5% sodium hydroxide solution. The organic layer was washed with saturated aqueous NaCl, dried over anhydrous magnesium sulfate and filtered, and the solvent was removed under reduced pressure. The crude product was purified by silica gel column to afford the corresponding 2-methoxyphenyl chloroacetate (2): melting point, 56°C-58°C; reaction time, 4 h; yield, 78%; R f , 0.62 (n-hexane:ethyl acetate 3:1); FTIR ν max (1/cm): 2,903 (sp2 C−H), 2,863 (sp3 C−H), 1,719 (C=O ester), 1,589 (C=C aromatic), 1,164 (C−O ester).
general procedure for the synthesis of title compounds 4a-4e and 6a-6c
The substituted benzoic acids (3a-3e) (0.01 mol), triethyl amine (0.01 mol), and potassium iodide (0.01 mol) were mixed in dimethylformamide (25 mL) and stirred at room temperature. The 2-methoxyphenyl chloroacetate intermediate (2) was then added to the reaction mixture slowly and at the same temperature overnight (Scheme 1). The final products (4a-4e) were then extracted with ethyl acetate (3×25 mL). The combined ethyl acetate layer was then washed with 5% HCl, 5% sodium carbonate, and finally brine solution. The organic layer was dried over anhydrous magnesium sulfate and filtered, and the solvent was removed under reduced pressure to afford the crude products (4a-4e). The title compounds (4a-4e) were purified by silica gel column chromatography (n-hexane:ethyl acetate 3:1). The same procedure was used for the preparation of final products (6a-6c) (Scheme 2). R is same as in (3a-3e) 
/RIPS/2017/001). Mice were divided into 11 groups, each having six mice. Mice were kept in normal laboratory conditions of temperature 23°C±1°C and ambient humidity 55%±5%. Mice were housed in stainless steel cages individually and kept in an isolated room. Lights were maintained on an artificial 12 h light-dark cycle. All mice were weighed weekly during 6 weeks of experimental period. Animal care was in accordance with the guidelines established and approved by the National Institute of Health. Mice were fed with high-fat diet (HFD) mentioned in Table 1 containing cholesterol, cholic acid, peanut oil, and normal laboratory diet for 6 weeks. Standard drug (atorvastatin in this study) and test compounds from 4a-e and 6a-c were mixed with HFD, and the composition of the test compounds was 10 mg/kg. Experimental compounds from 4a-e and 6a-c were mixed with HFD, and the dose of the test compounds was 10 mg/kg. Group I received normal laboratory diet, Group II received HFD, Group III received standard drug (atorvastatin) along with HFD, and Groups IV-XI received test compounds from 4a-e and 6a-c, respectively, along with HFD. Mice had free access to feed and water throughout the study. The specified quantity of test compounds and standard was dissolved in 1 mL of DMSO and mixed in pellet diet. All mice were weighed weekly during 6 weeks of experimental period. The activity was continued for 6 weeks under controlled laboratory conditions (temperature 23°C±1°C and ambient humidity 55%±5%). 39 
Blood collection and analysis
At the end of the experiment, the animals were anesthetized. Blood samples were collected from the retro orbital vein. The serum was separated by centrifugation at 2,500× g for 15 min at 4°C. The amount of serum triglyceride, total cholesterol, highdensity lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol were assayed automatically using an ADVIA 1650 lipid analyzer (Bayer, Wuppertal, Germany).
histopathological evaluation
Animals were euthanized under ether anesthesia, and the liver was dissected out immediately and weighed. For histopathological analysis, the liver and adipose tissues were fixed in 10% formalin at room temperature. Adipose tissues used were collected from subcutaneous fat of the abdomen of mice. The tissue was embedded in paraffin, sectioned into 3-4 µm thickness and mounted on the glass microscope slides using standard histological techniques. The sections were stained with hematoxylin-eosin and examined using light microscopy at 200× magnitudes. These light microscopic fields were assessed by an image analyzer on each section. 40 
Docking studies acquisition and preparation of target protein
Crystal structure of HMG CoA reductase was acquired from Protein Data Bank as PDB format (PDB ID: 1HWK-Homosapien) (www.rcsb.org/pdb). 41 Crystal structure of target protein was validated using the MolProbity server. 42 Ligands and water molecules were removed from crystal structure using the Accelrys Discovery Studio, and the energy of protein was minimized using the UCSF Chimera. 43 Active binding site studies were viewed using the PyMOL (Python molecular visualization) software. 44 
Preparation of ligand
Structures of phenolic experimental compounds were drawn in MarvinSketch tools and were cleaned into 3D using Marvin Space and were downloaded in the PDB file extension. 45 
Docking run
Docking is a virtual screening tool used to predict in silico interaction of ligand with enzyme and its possible inhibition. Both ligand and target protein were converted from PDB to PDBQT files after the addition of hydrogen and removal of water molecules. Energies of ligand and enzyme were minimized using the UCSF Chimera. These prepared molecules were uploaded as ligand, macromolecules in PyRx, a Pythonbased AutoDock Vina-based scoring function screening tool, autogrid dimension were calculated for HMG CoA reductase (X=147.451, Y=87.546, and Z=3.341), and inhibitor and target were geometrically optimized and docked. 46, 47 
statistical analysis
For the determination of change in body weight, liver weight, plasma lipids, and HDL and LDL-cholesterol levels, individual mouse was considered as an experimental unit. All data were analyzed by IBM SPSS 20 package for one-way 
Results and discussion
Body weights
Among dietary factors, an increase in carbohydrate and fats in diet has been associated with obesity. 49 Similarly, few researchers have reported that the differences among strains with the ability of HFD to promote obesity have been demonstrated in both rats and mice. 32 Some strains of mice such as A/J and C57BL do develop obesity when fed on HFD. Meanwhile, SWR mice were resistant to develop obesity when fed on similar HFD. In the present study, mice fed with a HFD demonstrated predictable weight, cholesterol, triglycerides, and LDL increment with a decrease in HDL levels after 6 weeks in the hyperlipidemic control group (HFD group) (Figure 1 ). After 6 weeks, mice fed with 4a experimental compound indicated least weight increase, ie, 20% compared with 35% weight increase with atorvastatin. Even 4e, 6a, and 6b showed comparable weight increment vs atorvastatin, ie, 36, and 35%, respectively (Figure 2) . These results propose that weight increment in case of 4a was significantly (P,0.05) less than reference standard and increase in mice weight in case of 4e, 6a, and 6b was insignificant but comparable with reference standard (Figure 2 ).
Plasma lipid profile
As already discussed, an increase in serum cholesterol and LDL levels may lead to atherosclerosis and ultimately to myocardial infarction. Raised serum triglycerides (TGs) have also been reported to have a role in the aggravation of atherosclerosis. 50 Meanwhile various studies have shown that drugs decreasing serum TG, LDL, and cholesterol levels reduce the risk of coronary artery diseases. 51 Various phenols including gallic acid and linoleic acid have been found to be antiatherogenic especially in in vivo green tea extracts reducing serum TGs and cholesterol as well as stimulating energy expenditure, fat oxidation, and fecal lipid oxidation. 52 In this study, it was observed that all experimental molecules were able to decrease cholesterol, LDL, and triglycerides and increase HDL in hyperlipidemic mice, but in particular, 4a showed highly significant reduction in serum 
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antihyperlipidemic studies of newly synthesized phenolic derivatives cholesterol compared to standard with P,0.01, highly significant increase in HDL compared to standard with P,0.01, and significant reduction in LDL compared to standard with P,0.05 (Table 2 ). In order to unveil dose-dependent effect of 4a, it was evaluated in same hyperlipidemic mice model with three different doses, ie, high dose (10 mg/kg), medium dose (5 mg/kg) and low dose (2.5 mg/kg). Effect of 4a reduced with decrease in dose when compared with high dose 10 mg/kg, and this decrease was statistically significant (Table 3 ). In vivo outcomes clearly showing the superiority of antihyperlipidemic potential of 4a compared with other phenolic derivatives and even compared to standard atorvastatin. Furthermore, after 42 days of treatment none of the mice showed any kind of morbidity or mortality, which further advocates that all experimental phenolic compounds were well tolerated and were fairly safe during the whole experiment. These astounding outcomes establish the commendable and plausible antihyperlipidemic potential of our experimental natural phenolic derivatives.
histopathological examination
Fatty liver is gaining importance in investigations and now is known to be most prevalent cause of abnormal liver.
Fatty liver initially starts with simple steatosis, which later may develop into advanced fibrosis and cryptogenic cirrhosis via steatohepatitis and ultimately to hepatocellular carcinoma. 53 Obesity is the single main causative factor in the development of fatty liver both in children and adults. 54 In our current investigation, 4a fed group of mice showed significant histopathological changes in liver sections under microscopic evaluation (Figure 3) . A small loss of nucleus and membrane disruption was observed when compared with the normal diet (ND) group, but no fat droplet was observed in case of 4a group when compared with the HFD group. Histology of adipocytes showed that difference in size was evidently less in case of 4a group compared with the HFD group (Figure 3 ).
Docking studies
The in silico docking studies were performed to determine the binding affinity of the synthesized compounds with target protein. It has been reported that docking is an effective predictive tool regarding possible interactions of ligands with target protein. 55 It further enables illustration of the possible atomic interactions between the particular functional group of a ligand in the active binding site of protein. To date, the (Figure 4) . The structure was validated by using the Ramachandran plot, which demonstrated that .95.7% residues were lying in favorable region and 99.4% residues were lying in allowed region of plot ( Figure 5 ). The experimental compounds (phenolic derivatives) tightly entrapped in active binding sites of HMG CoA reductase enzyme were visualized through Discovery Studio 4.1 ( Figure 6 ). In the present study, we compared docking outcomes of our experimental phenolic compounds with atorvastatin (most widely used US Food and Drug Administration-approved statin), 4a and 6a showed even better binding affinity (−8.3 and −7.9 kcal/ mol, respectively) energy values compared with atorvastatin (−7.8 kcal/mol) ( Table 4 ). Analysis of residual interaction between inhibitor and target enzyme in active binding site revealed that the compound 4a interacted with Val805 (at a distance of 1.89 Å), Met656 (at a distance of 2.96 Å), Thr558 (at a distance of 2.70 Å), and Glu559 (at a distance of 2.20 Å) via hydrogen bonding in the active binding site of HMG CoA reductase ( Figure 7 ). In contrast, 6a interacts with Asn658 via hydrogen bond at a distance of 3.06 Å and with aspartate 767 at a distance of 4.33 Å (Figure 8 ). These interaction patterns give a strong impression that synthesized phenolic derivatives possess good inhibitory potential against HMG CoA reductase.
Conclusion
The synthesis of some phenolic derivatives 4a-e and 6a-c was successfully accomplished starting with simplest precursors. The results of in silico docking studies showed that activity with minimum weight increment (20%) compared to standard atorvastatin (35% weight increment). The synthesized compounds were nontoxic and well tolerated because none of the mice were found to suffer from any kind of Notes: Total residues =1573; residues in favored region =98%; residues in allowed region =99.4%; total outliers =9. 
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